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Rpb?9 is a small non-essential subunit of yeast RNA polymer-
ase IIlocated on the surface on the enzyme. Deletion of the RPB9
gene shows synthetic lethality with the low fidelity rpb1-E1103G
mutation localized in the trigger loop, a mobile element of the
catalytic Rpb1 subunit, which has been shown to control tran-
scription fidelity. Similar to the rpbI-E1103G mutation, the
RPB9 deletion substantially enhances NTP misincorporation
and increases the rate of mismatch extension with the next cog-
nate NTP in vitro. Using pre-steady state kinetic analysis, we
show that RPB9 deletion promotes sequestration of NTPs in the
polymerase active center just prior to the phosphodiester bond
formation. We propose a model in which the Rpb9 subunit con-
trols transcription fidelity by delaying the closure of the trigger
loop on the incoming NTP via interaction between the C-termi-
nal domain of Rpb9 and the trigger loop. Our findings reveal a
mechanism for regulation of transcription fidelity by protein
factors located at a large distance from the active center of RNA
polymerase II.

The fidelity of transcription is essential for maintenance of
genetic information content and for accurate gene expression.
Given the structural and mechanistic similarities shared among
all classes of multisubunit nucleic acid polymerases, the kinetic
and mechanistic basis of fidelity is likely to be conserved in
transcription. Nucleotide incorporation involves at least five
steps: binding of NTP, isomerization into a catalytically com-
petent complex, phosphoryl transfer, a second conformational
change associated with release of pyrophosphate, and translo-
cation (1-4). Although any of these steps can serve as fidelity
checkpoints, early pre-steady state analyses suggested that the
fidelity of DNA polymerases might be controlled at the isomer-
ization step following the ANTP binding (3—6). The prevailing
hypothesis holds that isomerization corresponds to the open-

* This work was supported, in whole or in part, by the Intramural Research
Program of the National Institutes of Health through the NCI. The contents
of this publication do not necessarily reveal the views of the policy of the
Department of Health and Human Services, nor does mention of trade
names, commercial products, or organizations imply endorsement of the
U.S. government.

* This article was selected as a Paper of the Week.

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental “Experimental Procedures,” supplemental Figs. S1-S8, and
supplemental Tables S1-52.

"To whom correspondence should be addressed. Tel.: 301-846-1798; Fax:
301-846-6988; E-mail: mkashlev@mail.ncifcrf.gov.

JULY 17, 2009+ VOLUME 284+-NUMBER 29

to-closed conformation transition in the protein after the initial
binding of ANTP (7, 8). Arnold and co-workers (1, 9, 10) estab-
lished that a conformational change preceding catalysis is a key
fidelity checkpoint for the poliovirus RNA-dependent RNA po-
lymerase RdRp (3Dpol). Importantly, they demonstrated that a
mutation G64S, located far from the catalytic center of 3Dpol,
affects isomerization of the active site (11).

It has recently been shown that the fidelity of RNA polymer-
ase II (pol II)? is similarly controlled at the isomerization step
mediated by the trigger loop (TL), a mobile structural element
within the largest Rpb1 subunit (12—14). The TL connects the
ends of two a-helices forming a helical hairpin (15). This hair-
pin is located beneath another long helix (the bridge helix),
which is proposed to participate in the catalysis and pol II trans-
location (16). The TL moves toward the active center upon
binding of the complementary NTP. This transition involves a
long range motion of the TL from the enzyme surface to the
active center referred to as the open-to-closed TL transition
(14). Previous studies provided evidence that the TL closing
properly positions the NTP for catalysis and prevents sponta-
neous NTP release from the active center (13, 14). The TL
adopts an open configuration in pol II elongation complexes
co-crystallized with a non-complementary substrate (14). Sev-
eral mutations in the TL increase misincorporation (12).
Recently, we have characterized a mutation in the distal part of
the helical hairpin located at a significant distance from the
active center, which rendered pol II error-prone (13, 17). This
mutation, rpbI1-E1103G, was proposed to destabilize the open
conformation of the TL, causing overly efficient trapping of
non-complementary NTPs and misincorporation (13). There-
fore, the dynamics of the active site isomerization mediated by
the TL movement appear to control transcription fidelity.

In addition to Rpbl, it has been suggested that Rpb9, a small
subunit of pol II, plays a role in transcription fidelity (18). Rpb9
is a non-essential subunit located on the surface of the enzyme
(19, 20). Rpb9 comprises two zinc ribbon domains joined by a
conserved linker: an N-terminal domain (Zn1) forminga part of
the primary DNA-binding channel of pol II and a C-terminal
domain (Zn2) interacting with the secondary channel, a special
pore connecting the active center with the surface of the

2 The abbreviations used are: pol I, RNA polymerase II; Exo lll, exonuclease Ill;
TL, trigger loop; WT, wild type; Ni>"-NTA, nickel-nitrilotriacetic acid; TEC,
ternary elongation complex; nt, nucleotide(s); GNCD, region G non-con-
served domain.

JOURNAL OF BIOLOGICAL CHEMISTRY 19601


http://www.jbc.org/cgi/content/full/M109.006908/DC1
http://www.jbc.org/cgi/content/full/M109.006908/DC1
http://www.jbc.org/cgi/content/full/M109.006908/DC1

RNA Polymerase Il Transcription Fidelity

enzyme (see Fig. 6). Based on pre-steady state kinetic analysis of
bond formation by human pol I1, it has been proposed that NTP
substrates enter the enzyme through the primary DNA-binding
channel (main channel) by prehybridization to the template
DNA strand 2-3 nucleotides ahead of the active center (21).
The N-terminal domain of Rpb9 constitutes a significant part of
the primary channel, which suggests that Rpb9 deletion may
affect fidelity by altering the structure of the putative NTP pre-
loading site. Alternatively, the secondary channel has been pro-
posed to serve for the NTP entry to the active center and release
of pyrophosphate after bond formation (22, 23). The secondary
channel also provides access to the active center for transcript
cleavage factor TFIIS (22), which is involved in proofreading
transcription errors (24) and rescuing arrested complexes of
pol II (25). Interestingly, the C-terminal domain of Rpb9 is
structurally similar to the zinc ribbon domain of TFIIS (25, 26).
The Rpb9 subunit is highly conserved among eukaryotes and
shows significant sequence similarity with the C11 subunit in
pol III and the A12.2 in pol I, both required for the intrinsic
cleavage activity of their related polymerases (27-29).
Although Rpb9 has never been demonstrated to contribute to
the intrinsic cleavage activity of pol II, it is nevertheless
required for optimal function of transcript cleavage factor
TFIIS (26, 30). Yeast cells harboring the RPB9 deletion confer a
slow growth phenotype with disruption of DST1, the gene
encoding elongation factor TFIIS in certain genetic back-
grounds (31). RPBY deletion in yeast causes hypersensitivity to
the nucleotide-depleting drug 6-azauracil (31), a phenotype fre-
quently associated with transcription elongation defects (32).
Recently, Rpb9 has been implicated in maintenance of tran-
scription fidelity in vivo based on the increased frequency of
transcriptional frameshift and base substitution events in an
RPB9 deletion strain (18, 33). The fidelity checkpoint, affected
by the RPBY deletion, remains to be identified. The synergistic
phenotype of RPBY deletion with DSTI deletion (31) and
altered TFIIS-dependent transcript cleavage pattern in ternary
elongation complexes (TECs) lacking the Rpb9 subunit (30)
suggest that Rpb9 could be involved in TFIIS-mediated error
correction (24, 33). However, the reports regarding the effect of
TFIIS on transcription fidelity in vivo remain controversial.
Koyama et al. (34) showed that TFIIS contributes to mainte-
nance of transcription fidelity and that Rpb9 also controls fidel-
ity in a TFIIS-independent manner (33). Therefore, Rpb9 might
also be involved in fidelity control at another step of the tran-
scription elongation cycle, distinct from the TFIIS-dependent
error correction step. In contrast, several other genetic tests
failed to detect a significant effect of TFIIS in transcription
fidelity in vivo (18, 35).

In this work, we established a genetic interaction between the
Rpb9 subunit and the TL by showing that deletion of the RPB9
gene is synthetic lethal with the rpb1-E1103G mutation. We
also showed that Rpb9-deficient pol II confers a significant
decrease in transcription fidelity in vitro. Pre-steady state
kinetic analysis revealed that the absence of Rpb9 promoted
NTP sequestration in the polymerase active center before
catalysis, similar to that observed for the rpbI-E1103G
mutation (13). Our findings support a crucial role for active
site isomerization in transcription fidelity and establish a
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paradigm for catalytic control of pol II by cis-acting regula-
tory elements like Rpb9 and the TL or trans-acting elonga-
tion factors like TFIIS.

EXPERIMENTAL PROCEDURES

Media, Yeast Manipulations, and Strains—Media, growth
conditions, and yeast manipulations were as described previ-
ously (Malagon et al. (17)). Briefly, GRY3041 (MATe«, canl,
his-3A200, leu2-Al, trpl, ura3-52, pep4:HIS3, prbIl-Al6,
RPB3::6xHisBio, rpb9::kanMX4, GAL+) was made by one step
gene disruption of the RPB9 gene with the kanMX4 cassette
(from the Open Biosystems deletion collection) and is related to
BJ5464 (ATTC Yeast Genetic Stock Center). To determine
whether rpb9::Nat and rpb1-E1103G show a synthetic interac-
tion, the strains GRY3185 (MATa, his3-Al, lys2-
A0, leu2-A0, metl5-A0, trp-, URA3-CMV-tTA, KanMX-
Ptet-RPBI, rpb9::Nat) and GRY3028 (MATa, his3-A1, leu2-A0,
lys2-A0O, met15-A0, trpl:hisG, URA3-CMV-tTA, rpbl-
E1103G) were crossed and subjected to tetrad analysis. The
KanMX-Ptet-RPBI1 allele and the CMV-tTA transactivator
were introduced by crosses with the strain YSC1180-7428981
(Open Biosystems (36); see Ref. 17). All yeast strain genotypes
are described in supplemental Table 1.

Enzymes, Oligonucleotides, and Reagents—DNA and RNA
oligonucleotides (supplemental Table 2) were purchased from
IDT (San Diego, CA). NTPs were purchased from Amersham
Biosciences, and dNTPs were from Invitrogen. The NTPs used
for misincorporation assays were additionally purified as
described previously (13). Exonuclease III was from New Eng-
land Biolabs (Beverly, MA). WT pol II and pol IIA9 were puri-
fied as described previously (13). Subunit composition of pol II
and pol ITA9 was analyzed by gel electrophoresis on a 4-12%
polyacrylamide gel in denaturing conditions, and proteins were
visualized by silver staining.

TEC Assembly and in Vitro Transcription Assays—Tran-
scription elongation complexes were assembled on synthetic
DNA and RNA oligonucleotides and immobilized on Ni**-
NTA agarose beads (Qiagen, Valencia, CA) as described previ-
ously (37, 38). Briefly, the 5’ radioactively labeled RNA (RNA7,
RNA7-20, or RNA9) and the template DNA oligonucleotide
(TDS45G, TDS45C, TDS50, or TDS65) were incubated with
the immobilized pol II followed by the subsequent addition of
the non-template DNA oligonucleotide (NDS45G, NDS45C,
NDS50, or NDS65). When indicated, the RNA was extended to
different positions subsequent to incubation with NTP subsets
(5 uM, final concentration). The TECs were eluted by 100 mm
imidazole, filtered using Ultrafree-MC 0.45-um centrifugal fil-
ters (Millipore, Billerica, MA), and diluted with bovine serum
albumin-containing transcription buffer (20 mm Tris-HCI, pH
7.9, 5 mm MgCl,, 1 mm 2-mercaptoethanol, 40 mm KCl, 0.1 mm
mg/ml bovine serum albumin, 12% glycerol). The reactions
with the correct NTP were performed on the model RFQ-3 and
RFQ-4 chemical quench flow instruments (KinTek Corp., Aus-
tin, TX). TECs were incubated with NTPs for 0.002—0.5 s at
25 °C followed by stopping the reaction by quenching with 0.5 m
EDTA or 1 M HCL The misincorporation reactions were
stopped manually by quenching with the gel-loading buffer (5 m
urea; 25 mM EDTA final concentrations). The RNA products
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were resolved in 20% denaturing polyacrylamide gel, visualized
with a Typhoon 8600 Phosphorlmager, and quantified using
ImageQuant software (GE Healthcare). The analyses of the
experimental data were performed using the OriginPro 7.5
software (OriginLab Corp., Northampton, MA).

Exonuclease III Footprinting—Elongation complexes were
assembled with the wild-type enzyme and pol IIA9 with RNA9
on TDS65CCC with the fully complementary NDS65CCC (13).
Both the transcript and the template DNA strand were >*P-
labeled at the 5’ end using [y**P]ATP and T4 polynucleotide
kinase. The non-labeled DNA strand in the scaffold contained a
Biotin linkage at the 3’ end position to inhibit cleavage of that
strand by exonuclease III (Exo III). The TECs were eluted from
the Ni*"-NTA agarose beads as described above. The foot-
printing reactions were initiated by mixing 15 ul of the TECs
with 15 ul of transcription buffer containing 100 units of Exo
III. To examine the effect of the incoming NTP on transloca-
tion, either the next complementary NTP (CTP) or a non-com-
plementary NTP (UTP) was mixed with Exo III followed by
adding TEC to the reaction. The NTP concentration was 1 mm
final. Reactions were stopped by the addition of an equal vol-
ume of 2X gel loading buffer. Products of the reactions were
resolved by 12% PAGE in the presence of 7 M urea.

RESULTS

Synthetic Lethal Interaction of rpb1-E1103G and rpb9-A—
Identification and characterization of the rpb1-E1103G muta-
tion (17) that decreases transcription fidelity (13) provided a
tool for the identification of other mutations affecting fidelity in
vivo. pol II carrying this substitution has an elevated level of
base substitutions in the RNA it produces. In vivo, the rpbl-
E1103G mutation results in a dependence on the transcription
factor TFIIS consistent with the editing role of TFIIS in remov-
ing misincorporated bases. Because it has been reported that
rpb9 mutants have elevated transcription errors (18), we tested
for a genetic interaction between rpb1-E1103G and an open
reading frame deletion allele of rph9. A strain (GRY3185)
carrying a deletion allele of 7pb9 marked with nourseothricin
resistance (rpb9:nat) and an allele of RPB1 marked with G418
resistance (RPBI:kanMX) was crossed to a yeast strain
(GRY3028) carrying rpb1-E1103G. Tetrads from this strain
showed a clear synthetic lethal segregation pattern indicating
that the double mutant rpb1-E1103G, rpb9::nat is inviable. Of
the 290 meiotic segregants carrying the RPBI:kanMX allele,
56% carried the rpb9::nat allele, whereas none of the 162 rpbI-
E1103G segregants that survived carried the rpb9::nat allele.
The lethal phenotype of the double mutant could reflect a
direct role in avoiding errors, which has a synergistic lethal
consequence with rpb1-E1103G when Rpb9 is absent, or an
essential role for Rpb9 in correcting errors elevated in rpbI-
E1103G cells. We assessed the in vitro catalytic properties and
pre-incorporation transcription fidelity of pol II lacking the
Rpb9 subunit (pol IIA9).

Loss of Rpb9 Does Not Significantly Affect the Catalytic Prop-
erties of pol [I—It was previously reported that the Rpb9 subunit
is involved in the control of pol II elongation rate in vitro (26,
30). First, we compared the elongation properties of the WT pol
IT and pol IIA9. We utilized a previously published technique
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for assembly of the functional TECs of the yeast pol II in the
absence of promoter sequence and initiation factors (38). This
method employs the core enzyme of pol II assembled on syn-
thetic DNA and short RNA primers (7-9 nt). For the bulk tran-
scription elongation assay, the TECs were assembled on the
50-nt template and non-template DNA oligonucleotides with
7-nt RNA (TEC?7) primer and immobilized on Ni*"-NTA aga-
rose beads (Fig. 14). TEC7 was extended to TEC9 with ATP and
GTP, washed with transcription buffer, eluted from the beads
(see “Experimental Procedures”), and chased with all four
NTPs. Incubation with NTPs resulted in the accumulation of a
28-nt runoff product, which occurred 2-3 times faster with pol
ITA9 than with the WT enzyme (Fig. 1B). This increased rate
observed for pol IIA9 may predominantly derive from the
decreased pausing at the intrinsic +11/+12 pause sites in the
template (Fig. 1B). These results are consistent with previously
reported properties of yeast pol II lacking the Rpb9 subunit
(26, 30).

Bulk assays do not measure the dynamics of elongation at a
single nucleotide level but provide information solely on the
average rate of elongation, mostly defined by rare pausing of pol
II on a few DNA sequences. Therefore, we performed pre-
steady state kinetic analysis of a single NTP addition at a non-
pause site with TEC7-65 and TEC20 - 65 (Fig. 1A). These two
TECs share the same sequences near the 3’ end of the RNA but
carry transcripts of different lengths. Moreover, TEC20-65
contains a long 20-nt transcript and is capable of backtracking
along DNA. Backtracking involves extrusion of the 3’ end of the
nascent transcript to the secondary channel, placing it in close
proximity to the C-terminal domain of the Rpb9 subunit (19).
For the pre-steady state kinetic analysis, both TECs were incu-
bated with ATP and UTP for 5 s, allowing extension of TEC7 to
TEC9 and TEC20 to TEC22, and chased with 1 mm CTP
(TEC9) or with CTP and ATP (TEC22). The reactions were
quenched after various times with 1 M HCl (Fig. 1C, right-hand
panel), which stops the reaction instantly and provides infor-
mation on the rate of the bond formation (21). By fitting the
time-dependent formation of C10 or C23 transcripts to a single
exponential equation, we determined the pseudo-first-order
rate constants of CTP incorporation for TECs formed with pol
IT and pol IIA9 (Fig. 1C). We found that deletion of the Rpb9
subunit either did not affect (Table 1) or moderately increased
(Figs. 1C and 3A) the rate for the correct CTP incorporation
depending on the local sequence context. This 1.3—1.5-fold rate
increase was similar to that reported for the TL rpb1-E1103G
mutation (13). These data indicate that the Rpb9 subunit is not
involved in the bond synthesis per se, which is fully consistent
with its location far from the catalytic site of pol II.

A comparison of the CTP incorporation dynamics by TEC9
and TEC22 revealed that although nearly 100% of the pol II that
starts elongation from TEC9 continues to incorporate through
position +10, only about 80% of the TEC22 continues to elon-
gate to TEC23. We interpreted these 20% inactive TEC22 com-
plexes as stalled by backtracking (Fig. 1C, bottom graph). This
result indicated that TEC22 was subject to the catalytic inacti-
vation by backtracking along DNA and that deletion of the
Rpb9 subunit did not affect the backtracking.
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Rpb9 Deletion Promotes NTP
Misincorporation—To test the role
of the Rpb9 subunit in transcription
accuracy, we compared the tran-
scription error pattern of pol II and
pol IIA9 in a single NTP misincor-
poration assay in vitro. The tem-
plates 45C and 45G are identical
except at the +10 position, where
CTP or GTP is incorporated
into the RNA as a cognate substrate
to TECY (Fig. 24). WT and pol IIA9
TECs were assembled on the 45-nt
template using the 7-nt RNA
(TEC?7), extended 2 bases to TEC9,
washed, and incubated for 10 min
with highly purified NTP substrates.
The distinct mobility of the prod-
ucts carrying different misincorpo-
rated NMPs (Fig. 2B, compare lanes
3, 5, and 6 for templates 45C and
lanes 15, 17, and 18 for templates
45@G) eliminated the possibility that
the RNA extension in this assay
derived from contamination of NTP
preparations with trace amounts of
cognate NTPs. Notably, Rpb9 dele-
tion led to a moderate increase in
“transition-type” misincorporation,
which resulted in purine-to-purine
or pyrimidine-to-pyrimidine substi-
tution (Fig. 2B, compare lanes 6 and
12 or lanes 17 and 23). Second, the
deletion also promoted some trans-
version-type events, such as incor-
poration of ATP for CTP (lanes 5
and 11) and incorporation of UTP
for GTP (lanes 18 and 24). The Rpb9
deletion also appeared to promote
extension of a misincorporated base
with the next cognate NTP more
efficiently than the WT (lanes 5 and
11; lanes 17 and 23), which we
addressed in more detail in the sup-
plemental data and supplemental
Figs. S1 and S2.

To establish the quantitative
effect of Rpb9 deletion on fidelity,
we compared the incorporation
rates for the correct (CTP) and
incorrect (dCTP, ATP, UTP, and
GTP) nucleotides by the WT
and pol IIA9 at a given template
position (Fig. 3). The correct CTP
incorporation proceeded rapidly
with the WT and pol IIA9, reaching
completion by 50 ms at 100 M con-
centration of the cognate substrate
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TABLE 1
Deletion of the Rpb9 subunit confers a 5-fold decrease in fidelity of transcription in vitro

TEC9 was assembled on the template 65 and chased with 0.01-1 mm CTP or 0.1-2 mm UTP. The k,,, and K, parameters were obtained from the hyperbolic fit as described
in the supplemental text. The fidelity parameter in the last column (bold) for the W'T and pol IIA9 is determined by dividing k,,,/K}; for the correct CTP and k,,,/K, for the

incorrect UTP.

pol II variant NTP Koot K, Koot/ Kpy Fidelity
st um s tum™!
wWT CTP (correct) 75 * 4 68 £7 1.1+0.2
UTP (incorrect) (7.8 £0.9) X103 3531 * 556 (2.2 £0.6) X 10°° (5+2.1) % 10°
rpb9 CTP (correct) 60.5 *+ 4.6 76.1 = 19.1 0.8 0.2
UTP (incorrect) (20 =3.9) x 1073 2860 * 792 (6.9*=3)x107° (1.1 = 0.6) x 10°

(Fig. 3A). In this sequence context, the absence of the Rpb9
subunit conferred only a 30% increase in the rate of the correct
NTP incorporation (Fig. 34). In contrast, the effect of Rpb9
deletion on misincorporation was substantially more pro-
nounced (Fig. 4, B-E). pol IIA9 incorporated the non-comple-
mentary NTPs (ATP, UTP, and GTP) and dCTP 2-to-3-fold
faster than the WT pol II. As a result, the accuracy of NTP and
dCTP incorporation by pol IIA9 is decreased when compared
with the WT enzyme.

The kinetics of nucleotide incorporation at a given substrate
concentration is a function of the NTP binding to the enzyme
and the maximal rate of nucleotide incorporation. Comparison
of incorporation and misincorporation rates at physiological
concentrations of NTP (Fig. 3) provides an estimation of the
effect of Rpb9 deletion on transcription fidelity. Quantitatively,
replication and transcription fidelity is calculated as the ratio of
(k,1/ Kpp) parameters for the correct and the incorrect NTP (1,
4, 13). We determined these parameters for incorporation of
the correct (CTP) and the incorrect (UTP) nucleotide at posi-
tion +10 of the transcript by WT pol Il and pol IIA9. The reac-
tion rates were determined over a 0.01-1 mMm range of CTP and
a 0.1-2 mm range of UTP (supplemental Fig. S3) and plotted
against the substrate concentration (supplemental Fig. S4). The
maximum polymerization rate and the dissociation constant
were obtained from the resulting data by a non-linear fit using
the following equation k = (k,,; X [NTP])/(K,, + [NTP]). The
results for incorporation and misincorporation are shown in
Table 1. The dissociation constant (K, ,,,) for the non-cog-
nate NTP was slightly lower for pol IIA9 when compared with
the WT enzyme (Table 1). The absence of the Rpb9 subunit
caused a 3-fold increase (from 0.0078 to 0.02 s~ ') of the maxi-
mal rate constant for the incorrect nucleotide incorporation
(kyo1 for UTP). As a result, the fidelity of pol IIA9 is almost five
times lower than the fidelity of the WT pol II for UTP
misincorporation.

Rpb9 Subunit and Translocation Properties of pol II—Exo 111
footprinting is widely used for evaluation of the translocation
state of a bacterial TEC stalled on a double-stranded DNA tem-
plate (15, 39 —41). Recently, we optimized the Exo III footprint-
ing approach (supplemental data) to analyze the pre- and

post-translocated equilibrium of pol II (13). The pre- and post-
translocated states are defined with regard to the position of the
3’ end of the transcript relative to the pol II active site. The
pre-translocated TEC contains the 3" end of the RNA, occlud-
ing the NTP-binding pocket in the active center, preventing
loading of the next substrate. The post-translocated TEC orig-
inates from the pre-translocated complex by one-base pair for-
ward movement of the enzyme along the RNA and the DNA,
leading to the clearance of the NTP-binding pocket for binding
the next substrate. In the absence of NTPs, the TEC appears to
be in equilibrium between these two states at each template
position. The translocation register can be detected using Exo
III footprinting as described below and in the supplemental
data. We used TECs carrying a 9-nt RNA (Fig. 44), which resist
backtracking due to the short transcript length; backtracking
could interfere with the identification of the correct front and
rear boundaries of TECs (40). We analyzed a time course of
template digestion because the equilibrium between the pre-
and post-translocation states in the TEC is detected at shorter
time points. Only two upstream rear boundaries appear on the
TEC9 footprints with the WT and pol IIA9 enzymes: (i) the
boundary located 50-nt from the labeled 5’ end of the template
DNA (and 16 bp upstream from the RNA 3’ end), which was
detected at the shortest incubation time with Exo III, and (ii)
the boundary located 49 nt from the labeled end, which was
evident upon longer incubation with Exo III. We assigned the
first boundary to the pre-translocated TEC9 and the second
boundary to the post-translocated state of the complex
(Fig. 4A).

For the WT TEC9Y, the pre-translocated boundary appeared
after 10 s of incubation with Exo III followed by its slow con-
version to the post-translocated boundary (Fig. 4B, lanes 1-5),
leading to an equal distribution between those two at ~30-s
incubation with Exo III (lane 4). Thus, WT TEC9 was predom-
inantly dwelling in the pre-translocated state. Notably, the dis-
tribution of the pre/post boundaries in pol IIA9 TEC9 showed
that the TEC is more inclined to reside in the pre-translocated
state (Fig. 4B, lanes 11-15 and lanes 5 and 15), which was sim-
ilar to the translocation distribution earlier reported for the
rpb1-E1103G pol II mutant (13). In summary, pol IIA9 exhibits

FIGURE 1. RPB9 deletion has a minor effect on the catalytic properties of pol Il. A, design of the assembled TEC7-50, TEC7-65, and TEC20-65. RNA is
colored in red, and the sequences of the RNA primers for the TEC assembly are underlined and described in supplemental Table 2. B, bulk elongation assays.
TEC7-50 was walked to position +9 with 5 um each of GTP and ATP (TEC9-50, indicated in green), washed, and incubated with 2 um of all four NTPs for various
time intervals. The pause sites are indicated by gray boxes. C, time course of CTP incorporation at positions +10 and +23 of the transcript by TEC7-65 and
TEC20-65, respectively. Black symbols and lines show the data set for WT pol II, and red symbols and lines represent pol I1A9. The curves represent a single
exponential fit of the experimental data and the apparent rates (k) are shown for each reaction. Note that for the experiments described in the legends for Figs.
1Cand 5, TEC9-65 and TEC22-65 were chased with CTP or with a mixture of CTP and ATP, respectively. The presence of ATP in the chase mixture does not
affect CTP incorporation kinetics by TEC22-65.
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4C). We concluded that absence of
the Rpb9 subunit does not signifi-
cantly affect the stabilization of the
post-translocated conformation by
the incoming NTP.

Rpb9 Deletion Promotes Seques-
tration of the NTP in the Active Cen-
ter of pol II—A pre-steady state
kinetic analysis of yeast and human
pol Il revealed that the complemen-
tary NTP rapidly binds to the
enzyme followed by a reversible
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a minor increase of the elongation rate and a significant
increase in NTP misincorporation, which is associated with the
preferential dwelling of the mutant TEC in the pre-translocated
state (13). These results challenge the commonly accepted cor-
relation between the post-translocated state of the TEC as a
source of rapid bond formation (15, 42) and also as a cause of
decreased fidelity (40).

The binding of a complementary NTP to pol II in conditions
prohibiting formation of the phosphodiester bond induces a
characteristic shift of the equilibrium in the TEC to the post-
translocated state (13, 15, 40, 43). This effect is attributed to the
stabilization of the post-translocated state by the cognate sub-
strate bound in the active center. We modified TEC9 by incor-
porating a 3'-dAMP to prevent the addition of the next NTP
(43) and tested whether deletion of the Rpb9 subunit affected
the NTP-induced lateral stabilization. We found that incorpo-
ration of the terminating analogue increased the pre-translo-
cated fraction of the TEC (Fig. 4B, compare lanes 1-5 and lanes
6—10) and practically eliminated the difference in the translo-
cation equilibrium between the WT and pol IIA9 (Fig. 4B, com-
pare lanes 6 —10 and lanes 16 —20). Binding of the complemen-
tary CTP equally shifted the equilibrium in TEC9 toward the
post-translocated state for both enzyme variants, whereas the
non-cognate UTP produced no effect (Fig. 4B, lanes 21-22, and
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FIGURE 2. RPB9 deletion promotes NTP misincorporation by pol Il in vitro. A, TECs were assembled with
fully complementary 45-nt template and non-template DNA strands and 7-nt RNA oligonucleotide (under-
lined). The TECs were then walked to TEC9 with 5 um each of ATP and GTP, washed, and incubated with purified
NTPs for 10 min. B, the resulting 10-nt products are named according to the base at the 3" end (G10 incorpo-
rated GMP at the 3’ end, etc.). Gray and black arrows indicate normal incorporation products and misincorpo-
ration, respectively. The longer RNAs G11, A12, and A13 derived from misincorporation events followed by

appears biphasic (13, 21): (i) a rapid
incorporation (burst) phase, with a
rate exceeding 1000 s *, followed by
(ii) a slower phase with a rate of
50-100 s~ '. The addition of EDTA
depletes the free NTP-Mg®" pool
without affecting the enzyme-
bound NTP-Mg>" and the subse-
quent phosphodiester bond formation (13). Therefore, the
burst fraction corresponds to the TEC-NTP-Mg>" complex
that completes the phosphodiester bond formation before
NTP-Mg>" dissociation. Furthermore, kinetic modeling
revealed that the biphasic nature of the EDTA quench might be
explained by a reversible closing (isomerization) of the active
site, which prevents NTP-Mg>" dissociation (sequesters NTP-
Mg>™). According to this model, the burst amplitude is propor-
tional to the dwell time of the closed complex; an increase of the
burst reflects a delay in transition to the open complex. We
previously observed that the rpb1-E1103G mutation increased
the burst fraction in the EDTA quench and concluded that the
mutation rendered NTP sequestration less reversible (13).

We compared pre-steady state kinetics using EDTA quench
in TECs by the WT and pol IIA9 assembled on the 65-bp DNA
template (Fig. 5). The assembled complexes were incubated
with ATP and UTP at the indicated concentration for 5 s and
chased with the addition of CTP at 1 mum, allowing extension
from TEC9 to TEC10 (Fig. 5A), or by the addition of ATP and
CTP to extend TEC22 to TEC23 and beyond (Fig. 5B). The
reactions were quenched with 0.5 M EDTA after a 0.002—0.5-s
incubation with NTPs. As expected, the time dependence of
C10 or C23 (reported as TEC10+ or TEC23+ plus longer tran-
scripts) synthesis is described by biphasic kinetics. Fig. 5A illus-
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incorporation burst (from 70 to
90%) has been observed for rpbl-
E1103G pol I, in which the equilib-
rium between the closed and open
TL is shifted toward the closed TL
(13). Such a phenomenon has also
beenreportedforthepoliovirusRNA-
dependent RNA polymerase 3Dpol
(9). These authors observed the
burst of a single bond formation in
3Dpolin the presence of manganese
ion substituting for magnesium in
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the reaction quenched with EDTA.
This result was interpreted as a
more efficient sequestration of the
incoming NTP by the enzyme in the
presence of Mn>" in the active cen-
ter. Similarly, we observed that
replacement of Mg>* by Min>" pro-
motes NTP sequestration for both
pol II variants (supplemental data
and supplemental Fig. S5B). More-
over, Mn?" dramatically promotes
misincorporation for both the WT
and the pol IIA9 (supplemental Fig.
S5A4). We concluded that Mn?%,
deletion of the Rpb9 subunit, and the
rpbl-E1103G mutation decreased
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FIGURE 3. RPB9 deletion causes a uniform 3-fold increase of different types of misincorporation. WT or
pol I1A9 TEC8 obtained from TEC7 on template 45C was incubated with 10 um ATP (TEC9) for 30 s, after which
0.1 mmCTP (A), 0.1 mm UTP (B), 10 um dCTP (C), 1 mm ATP (D), or 1 mm GTP (E) was added. The reaction with CTP
was stopped with 1 m HCl. The experimental data set obtained for the WT (black) and pol lI1A9 (red) are repre-
sented as in Fig. 1C. Error bars indicate S.E. Panel E shows GTP misincorporation.

trates that pol IIA9, despite being in the pre-translocated state,
sequestered the incoming complementary CTP, as judged by
the EDTA quench, more efficiently than the WT pol II, as
revealed by the increase of the burst fraction at the 2-ms quench
time (13). The increase was from 67% (WT) to 85% (pol IIA9) in
the TEC with the short transcript and from 44% (WT) to 68%
(pol IIA9) in the TEC with the longer transcript (Fig. 5C). This
result suggests that the Rpb9 subunit favors the opening of the
pol II active center. A similar increase in the apparent NTP
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Time with 1 mM ATP, s

100 020 B0 e fidelity of yeast pol Il by a similar
mechanism, which involves the
increased isomerization of TEC into
the closed conformation mediated
by premature closing of the trigger

loop.
DISCUSSION

Our present work identifies a
novel transcription fidelity mecha-
nism involving the peripheral Rpb9
subunit of yeast pol IL. In vivo results
obtained by Koyama et al. (33)
imply that transcription fidelity is
controlled at the pre-incorporation
and post-incorporation (error cor-
rection) levels; the pre-incorpora-
tion step is mediated by Rpb9,
whereas the post-incorporation
step involves both Rpb9 and TFIIS.
The pre-incorporation  fidelity
checkpoint depends on the function of the TL, a mobile ele-
ment of the catalytic Rpb1 subunit (14). TL closure promotes
the phosphodiester bond formation with the correctly paired
substrate via hydrogen bonding of the Rpb1-His'*®® residue
with B- and y-phosphates of the incoming NTP (14). Mutations
of His'%®> compromise the fidelity of pol II (12). Additionally,
substitution distal to the NTP-interacting part of the TL
decreases pol II selectivity as well (12, 13). Based on charac-
terization of one of these mutants, rpb1-E1103G, we pro-
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posed that dissociation of any non-cognate NTP substrate
from the enzyme is facilitated by a delay in the TL closure
caused by direct interaction of the Rpb1-Glu'' residue
with the Rpb1-Thr'%?® residue localized to the mobile part of
the TL (13). Therefore, the TL is hypothesized to play a dual
role in fidelity: (i) to delay catalysis of inappropriate sub-
strate NTP and (ii) to render NTP binding more reversible.

We show that the rpb1-E1103G mutation exhibits synthetic
lethality with RPB9 gene deletion. Both RPB9 deletion and the
rpbI-E1103G mutation suppress transient pausing of pol II.
Strikingly, pol II lacking the Rpb9 subunit possesses the same
fidelity defects as rpbI1-E1103G pol 11, including promotion of
misincorporation errors and impaired discrimination between
dNTP and rNTP. Both pol II variants sequester the incoming
NTP in the active center of the enzyme with higher efficiency
than the wild-type pol II. Collectively, the genetic interaction
and the close biochemical similarity between the E1103G
mutation and the RPB9 deletion support the idea that deletion
of RPBY affects the same fidelity checkpoint as the one impaired
by the rpb1-E1103G TL mutation.

How does the Rpb9 subunit, located at the perimeter of the
enzyme and at a significant distance from the active center (19,
20), affect TL closure? Multiple conformations of the TL have
been revealed in different crystals with positions in various
proximities to the active center (14, 22, 45). Upon close exam-
ination of the structure, we noted that in the open loop confor-
mation, the C-terminal domain of Rpb9 localizes to the close
proximity of the tip of the TL (Fig. 6 and supplemental Fig. S6).
This spatial vicinity may delay the TL closure, similar to that
proposed for Thr'°®® residue in the flexible part of the TL with
Glu''©® (13). In addition, further opening of the TL toward the
Rpb9 subunit is not constrained by the surrounding protein in
all crystals of pol II TEC that we examined, further supporting
the possibility of their direct interaction. This contact becomes
broken upon closure of the TL. One attractive model, based on
available structural data, suggests that the TL-Rpb9 interaction
might involve a series of charged residues (*°QRRKDTS?®) in
the C-terminal domain of Rpb9 pointing toward the tip of the
open TL (Fig. 6 and supplemental Fig. S6). Previous in vivo
studies provided further evidence that this acidic domain is
involved in the TFIIS-independent fidelity control mediated by
Rpb9 (33). To test this model, we investigated one of the possi-
bilities by site-directed mutagenesis targeting the Lys®® residue
and assessed the effect of the Rpb9-K93A mutation on fidelity
in vitro. We found that, contrary to our expectations, the
mutant Rpb9-K93A did not promote misincorporation and
NTP sequestration (supplemental text and supplemental Fig.
S7). Nevertheless, stabilization of the open conformation of the
TL by Rpb9 may be mediated by the adjacent charged residues
in the patch.

RNA Polymerase Il Transcription Fidelity

Stabilization of the open conformation of TL by Rpb9 may be
consistent with the synthetic lethality of the rpb1-E1103G
mutation and RPB9 deletion. Indeed, persistence of the loop in
the closed configuration caused by the double mutation may
decrease transcription fidelity or alter the elongation properties
of pol Il beyond a level that can be tolerated by yeast cells. This
model explains the suppression of transient pausing during
transcription by the pol II lacking the Rpb9 subunit (Fig. 1B)
because an intermediate positioning of the TL between the
open and closed state was shown to contribute to pausing of
Escherichia coli RNA polymerase (15). The similar connections
between a remote site and the active center have also been
reported for the viral RNA-dependent RNA polymerase 3Dpol
G64S (1, 11). Similarly to our present results, the G64S muta-
tion that increased the fidelity of 3Dpol also decreased the
sequestration of the correct substrate (11).

In the co-crystal structure of yeast pol II with transcription
factor TFIIS, Rpb9 contacts the primary DNA-binding channel
via its N-terminal domain (22). The downstream DNA interac-
tion within the main channel has been shown to affect tran-
scription initiation, pausing, arrest, and termination, suggest-
ing that protein-DNA interactions in the main channel of pol I
may contribute to the conformation of the active center (46—
49). Recently, kinetic studies have suggested that NTP sub-
strates enter pol I through the main channel (2, 50). This model
posits that the NTPs prehybridize to the downstream template
two and three nucleotides ahead of the active center, where
screening for the correct substrates may occur prior to their
loading to the active center, therefore enhancing fidelity (2).
Although Rpb9 might also affect fidelity through an alternative
pathway involving contacts within the main channel, our data
provide evidence for regulation through the secondary channel.

The Rpb9 subunit occupies a position in the enzyme that is
similar to that of a large 193-amino-acid segment (GNCD
(region G non-conserved domain)) in the B’-subunit of E. coli
RNA polymerase, referred to as the conserved region G-trigger
loop (51), but is missing in eukaryotes, archaea, and some bac-
teria. In the bacterial polymerase, this segment is inserted at the
tip of the TL and protrudes into the DNA-binding channel of
RNA polymerase (supplemental Fig. S8). Therefore, the Rpb9
subunit and the GNCD segment may possess a similar role of
stabilizing the TL in the open position. In addition, the Rpb9-
like subunits in pol I (A12.2) and pol III (C11) showed signifi-
cant sequence similarity in both the N-terminal and the C-ter-
minal domains and occupied similar positions in their cognate
polymerases, suggesting that Rpb9-like subunits are structur-
ally and functionally homologous proteins (27, 28, 52—54).

The Rpb9 subunit was linked to a post-incorporation error-
correcting mechanism (33), where removal of transcription
errors by endonucleolytic cleavage of the RNA is stimulated by

FIGURE 4. Mapping of the translocation state of TECs using exonuclease Il footprinting of the rear of pol Il boundary. A, design of the Exo lll experiment.
The figure illustrates the pre- and post-translocated states of TEC9. The length of the template DNA strand protected from the digestion differs by one
nucleotide between the pre-translocated (top) and post-translocated (bottom) state of TEC9. A biotin group (in black) at the 3’ end of the non-template strand
prevents its degradation by Exo lll (in gray). B, TECs by WT and pol IIA9 were assembled on templates NDS65CCC with the 5’-labeled RNA7 followed by walking
to TEC8 by incubation with 5 um GTP. TEC9 was obtained by a 5-min incubation of TEC8 with 10 um ATP or 3’-dATP and was incubated for short time intervals
with Exo lll. C, forward translocation of 3’-dA-terminated TEC9 is stimulated by the correct CTP added at 1 mm simultaneously with Exo Ill. The bottom panel
depicts dynamics of the appearance of the post-translocated footprint of TECO. Error bars indicate S.E.
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FIGURE 5. RPB9 deletion promotes NTP sequestration in the active center of pol Il. Aand B, time course of CTP incorporation monitored in TEC7-65 (A) and
TEC20-65 (B) at positions +10 and +23, respectively, in reactions quenched with 0.5 m EDTA for the WT (black) and pol l1A9 (red). The double-headed arrows
indicate the burst fraction observed at 2 ms of quench time. C, quantification of the results of panel B showing the size of the apparent burst of CTP
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Primary
channel

FIGURE 6. Model describing the effect of RPB9 deletion on transcription
fidelity. TEC structures of Saccharomyces cerevisiae pol Il with the closed trig-
ger loop (blue) and the open trigger loop (yellow) (PDB: 2E2H (14) and PDB:
1Y1V (22)) were aligned using the VMD software (59). Rpb1 (gray) is made
semitransparent to visualize the location of the TL inside the pol Il structure,
and Rpb9is shown in red. The NTP in the active center of pol Il is shown on the
left side of the TL. The DNA backbone and RNA are shown in dark gray and
pink, respectively. The primary DNA-binding channel in pol Il is indicated by
the leftward arrow. The secondary channel is located at the opposite side of
the structure. The Rpb9 subunit stabilizes the open conformation of the TL by
interaction between the C-terminal domain of Rpb9 with the tip of the TL
(yellow), similar to the proposed interaction between Rpb1-Glu''® (green)
with Rpb1-Thr'®* (yellow) (13).

the transcription factor TFIIS (24). The hypothetical involve-
ment of Rpb9 in TFIIS-mediated proofreading has been pro-
posed based on the slow growth phenotype of RPB9 and DST'1
double deletion mutant and on the altered TFIIS-stimulated
transcript cleavage pattern observed in purified pol II lacking
the Rpb9 subunit (26, 30). A similar post-incorporational
proofreading mechanism was suggested for the archaeal RNA
polymerase and eukaryotic pol III (55, 56). In archaea, a small
protein TFS, closely related to both Rpb9 and TFIIS, has been
shown to improve transcription fidelity in vitro by stimulating
the intrinsic cleavage activity of RNA polymerase (25, 57). In
contrast, C11, the Rpb9 counterpart for pol III, mediates the
cleavage activity of pol III specifically and independently of any
accessory factor. Notably, mutations abolishing the C11-
dependent nuclease activity are lethal (27), similar to a double
deletion of RPB9 and DST1 (31). Our findings indicate that
Rpb9 controls transcription fidelity by a mechanism involving
selection of the correct substrate NTP. Based on these pheno-
typic and structural similarities, it is conceivable that Rpb9
structural analogues might also control the accuracy of tran-
scription at the pre-incorporation level. Interestingly, E. coli
RNA polymerase deleted for the B’-GNCD (39, 58), as well as
yeast pol III lacking the C11 subunit (27), were shown to
respond inefficiently to normal transcriptional pause sites in
vitro, similar to pol II lacking the Rpb9 subunit.

It has recently been reported that Rpb9 plays a role in pre-
venting base substitutions and frameshift transcription errors
in vivo by a TFIIS-independent mechanism (18). Sequencing of
c¢DNA revealed two major observations: (i) a higher frequency
of base substitutions (mostly transitions) over base insertions
and deletions in the wild-type strains and (ii) a moderate 1.6-
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fold increase in base substitutions and a 5-fold increase in base
insertion frequency in rpb9A strains. Consistent with these
findings, our in vitro system indicates that RPB9 deletion
induces a substantial increase in misincorporation events; how-
ever, our assay was not sensitive enough to detect base inser-
tions or deletion events for both the wild-type pol II and pol
ITA9 (supplemental Figs. S1 and S2). The apparently higher
effect of RPB9 deletion on base insertions when compared with
base substitutions observed in vivo might be explained by the
presence of the TFIIS-mediated error correction factor. It is
conceivable that cells may be less efficient in correcting base
insertions than misincorporation errors.

In summary, our findings represent an example of pre-incor-
poration transcription fidelity control involving a long distance
communication between distal subunits and the active center
of multisubunit RNA polymerases. The wiring of the deeply
buried active center with the surface of pol II may be a part of
transcription regulation by extrinsic protein factors that may
require intermediary contacts with different parts of the trigger
loop.
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